In this paper the aulhors summarue the current state of knowledge of arc propagarion in aerospace power wiring and efforts by the Natmal Aeronautics and Space Adm/nstration (NASA) towards the understanding ol the arc tracbng phenomena in space environment Recommendations will be made for additnnal testing
INTRODUCTION
Failures in aerospace vehicles have been reported both on the ground and inflight due to persistent arcs in the wiring harnesses The arc typically propagates along the wire and muses the loss of the entire wire harness along with all associated fundions. Such failure mechanisms, which are not accounted for in the present engineering design practices, represent a serious problem for advanced aerospace vehicles. In this paper, a summary will be given of the current understanding in the area of arc propagation in commonly used wiring insulation materials. The potential hazards associated with arc propagation and state-of-the-art development of new arc resistant materials for aerospace applications will be presented A description will be given of the NASA program to assure the safety and reliability of space wtring systems
ARC PROPAGATION
In aerospace applications, the eflects of insulation failure can be very costly in terms of loss of expensive equipment, imperilment of missions, and bss of lives. Since the mid sixties, MIL-W-81381 (polyimide insulated wire) has been the material of choice lor most aerospace applications due to its high dielectric strength, excellent thermal properties, non flammability, low weight, and high abrasion resistance. However, insulation failures became unexpectedly common in a number 01 applications. This prompted some US Federal Agencies to launch studies to characterize the problem and to search lor substlutes for polyimide' insulation. It resulted in the United States Navy banning the use of polyimide as a wiring insulator in their ships and planes.
The studies found that there are two steps in the failure process. Damage, cracking, 01 deterioration of the insulation can occur due to exposure to water or certain other liquids, or when the material is subject to mechanical stresses (such as sharp bending). These amdilions provide a path from the live wire lo ground through which an arc may be initiated. The extreme heat from the electrical arc causes pyrolysis of the polyimide film and forms a conductive path J. Evans Code QE NASA Headquarters Washington, DC 20%
USA.
of h n residue that is relened to as a carbon arc track. This carbon arc track frequently has a sufficiently high electrical resistance to limit the currents to values that do not trip the arcul breaker. When this is the case, nothing prevents the arc hom propagating along the entire wire. Even if the circuit breaker is tnpped, resetting it will restart the arc and cause further damage to the hamess. Arc tracking can result in flashover in which the arc jumps to adjacent wires within the same bundle and damages them as well. The rate and extent of arc propagation depends on the following: (a) type of insulation material, (b) applied voltage (magnitude and tequency), (c) wire gauge, and (d) environmental fadors (moisture, tempera ture, proximity, etc...).
NASAS INVOLVEMENT
NASA will engage in manned and unmanned space missions that will demand greater amounts of electrical power than today's space crafi, increasing the likelihood of arc-induced lailures. Some 01 the systems to be developed are Space Station Freedom (75 kWe), Mars Cargo and Piloted Vehicles (2 MWe -10 MWe), and the First Lunar Outpost (12 kWe).
Because little is known about the phenomenon of arc lrackjng in space NASA held a workshop2 to asses issues and concerns on electrical wiring for space applications. The attendees induded representatives of several US Federal Agencies, National Laboratories, academia, and private industry having particular expertise in the field. The workshop covered: operational experience with polyimide insulation, results 01 several test programs, wiring requirements for a variety of space missions, and properties of alternate materials.
Operational difficulties were reported with: 1) the Space Transportation System (STS), in which six incidents were reported; 2 ) nurnerous arcing incidents and fires in US. military aircraft; and 3) a variety of isolated incidents, such as an expensive electrical fire in !he Magellan A major conclusion of the workshop was that the testing to date was inadequate to determine the performance of insulation in the complex environment of space; the tests were not conclusive b e cause they only addressed the limited range of operational condilions for aircrafls and STS. Therefore, it was concluded that there is a need for the establishment of a broader test matrix and lor add; tional experimental work which emphasize those test parameters that refled the enviromental stresses expected to be encountered in current and future NASA space missions.
PROGRAM OVERVIEW
The NASA's Office of Safety and Mission Quality has initiated a three year effort at the Lewis Research Center to address some 01 these issues. The goal of this program is to provide the information and guidance needed to develop and qualify lightweight, safe and reliable wiring systems that are both resistant to arc tracking and suitable in all ways for use in space applications. The eventual goal of this program is the construdion of a database containing the performances of commonly used insulating materials that could be utilized in the design 01 advanced missions, such as SSF and Lunar/ Mars exploration.
To accomplish this mission, this program was divided into three major tasks: 1) define space wiring application requirements; 2) define and perform the additional testing and analysis needed to assess available materials and constructions; and 3) review issues in the design of complete wiring systems. The nexl three sections prcvide an interim report on the results of these tasks.
&ace Missions Environments
The objedive of this task is to identify typical requirements and environments (as relevant to electrical power wiring) lor NASA space missions and systems, and to evaluate the adequacy of the findings of previous test programs in assessing wiring systems lor NASA missions. A survey of NASA missions was made to identify environmental characteristics that would impose particular requirements on insulation for eledrical wiring systems. From the resuhs, five typical environments were identified as being characteristic 01 those in present and future NASA missions with rasped lo their operational requirements lor the wiring systems. These environments are characteristic of: 1) pressurized modules (characteristic 01 SSF, and other manned missions), 2) LEOIGEO) applications, 3) trans-atme spheric vehicles, 4) Lunar surface, and 5) Mars surface. A brief description of each 01 these environments follows.
pressurized modu l e; Since the purpose of a pressurized module, such as those found in the STS orbiter and the Space Station Freedom, is to proted the mew, the wiring experiences a comparatively narrow temperature range and benign environment. [4] .
Inside the pressurized modules, the potential exists lor high humidily because of the presence of humans, however, the actual level of humidity is expected to be regulated. For the pressurized modules 3 . E O -Low Earth Olbh aboul300 km 01 annu% and GEO = G o swiowy Obi, which 6 eborl32,OOO km equalowl ohn However, the moisture environment itself is insufficient to cause cracking and is reversed when power is applied [4,7l.
Because of the vibration during the launch phase, all wires and cables must be restrained from movement , The vbration to which the pressurized module wiring is exposed is intense but short-lived (roughly 2 minutes of vibration during launch) [4,7l. This is dearly described in figures 1 and 2, and in table 1. The endosed manned environment requires that if outgassing were to occur, no qnificant amounts of toxic compounds may be released.
The function of the pressurized modules is for the habitation of the astronauts and for laboratory experiments. These types of operations may increase the possibility 01 fluids coming in contact with wiring insulation. In the case of the pressurized modules for Space Station Freedom, there will be voltages as high as 120 V Dc inside 01 the modules. '2 Slgma Values gOGF0 aDDlicationS; A key element in LEOGEO applications is long liletime which places more stress on the wiring systems. The eledrical wiring for LEO/GEO satellites is protected by the spacecraft structure from most space environment effects such as uv radiation, atomic oxygen, and micrometeoriods. This is also true for the SSF power and control cabling that are outside of the pressurized modules because the cables will be proteded by utility or cable trays. Any exposed wiring can receive damage from atomic oxygen (AO) because of the high relative velocity impacts and chemical reactions between the ions and the insulation.
The potential for damage from meteoroid and debris, k not totally eliminated by the cable trays.
The eledrid wiring inside unmanned LEOGEO spacecraft is temperature regulated by radiative cooling designed to keep the eledronics and battery systems in a reasonable operating temperature range. Heat generated by ohmic (IZR ) losses in the cabling can add to exlernal heat sources such as the Sun and raise tempera- Once in orbit, the wiring will expand and contrad with the orbital temperalure variations. The frequency in GEO of the spacecraft passing through the Earth Shadow (see figure 3) is once per day, while in LEO this cyde occurs approximately once every 45 minutes, depending upon orbit altitude and indination [E]. Therefore, thermal cyding for a GEO space craft will not be as severe as for a LEO spacecraft Although the majority of satellite power systems have been 28 Vdc, systems are now planned with vdages as high as 120 Vdc. In the caSe of the Space Station Free dorn, there will be voltages as high as 160 Vdc. Therefore, arc tracking effeds at these voltages must be evaluated.
Radiation is a key issue for missions which either cross or travel within the Van Allen belts. These mbsions are typ ically either in polar orbits which cross the Van AOen.beHs over the Earth's poles, or highly elliptical OMS (Mdniya orbits) used for communications and reconnaissance d e llites. Because charged radialion is trapped and 'conoentrated" in the magnetic field of the Earth, such a spacecraft receives a radiation dose significantly higher than that experienced by a GEO spacecraft .
When a spacecraft encounters a charged plasma envk ronment, a potential may be produced between the spaceaaft surfaces. When the potential voltage exceeds the breakdown threshold of the insulation, an eledrostatic discharge c a n occur. Discharges can cause long-term degradation of exterior surface coatings and enhance contamination of surfaces 191. roughly 2 minutes of vibration during launch three to four times a year. An expendable launch vehide (ELV) must function for only one launch, therefore ELV requirements are not as strict. All wiring must be protected hom chafing against sharp edges which would damage the insulation during operational vibration or maintenance abrasion (7,111.
The interadions of the trans-atmospheric wiring systems, particuhrly reusable launch vehides such as the space shuttle, with chemical and cryogenic fluils may be important. Transatmospheric vehides experience a wide range of temperatures from cryogenic temperatures of bls to high temperatures from rocket engines or atmospheric reentry. Cables in reusable vehicles such as the space shuttle experience a large number of temperature cycles during their operational lifetimes which can lead to aacking, arcing, and arcpropagation.
b n a r surface;The power system for a permanently manned lunar base may have to be at a distance from the habitat modules. Cables may lie exposed on the lunar surface. In general, almost all the same environmental conditions experienced in LEO / GEO will be seen by the exposed lunar base cables. In addition, problems related to temperature extremes and cycling, radiation, micrometeroids, abrasion, and lunar dust will be unique for this application. An example of a lunar base specific problem is the efled of lunar dust on initiation and propagation of an arc.
Martian Surface: Atomic oxygen in the Martian atmosphere can damage cables as a result of high relative velocily impacts of the ions on the insulation, and subsequent degradation and chemical r e actions. The Mars atmosphere contains water vapor, however, it makes up only 0.03% of the air, and therefore, probably will not result in degradation. The Mars surface base will operate in a 95.3% carbon dioxide and 0.13% oxygen environment. Insulation material must not read with this atmosphere [12] .
A database on arc tracking, wiring systems, and wiring constructions is also being established from which promising candidate insulation systems will be identified based on resutts of related studies.
The work performed by the U S Air Force on new wiring constructions for aerospaw applications was analyzed. This database was compared lo the requirements resulting from the survey. Preliminary results of this task are depided on table 2.
SuDolemental Insulation Tests and AnalvsiL
The objective of this task is to provide missing information needed to evaluate potential insulation systems and to determine their suitability for use in NASA aerospace environments. The supplemental testing and charaderization efforts for the identification of ardrackresistant aerospaca wiring system are being coordinated with the ongoing programs at other NASA and government laboratories. The database established in previous task, will be used to prioritize the enviromental and operational tests to be performed.
Results from these tests will be combined with the results from the database to define safe operating ranges for various insulation systems. Conditions which contribute to arc generation and propagation will be identified. The test results will be used to develop a better understanding of the life cycle of wiring insulation systems. The following are some of the preliminary tests to be performed under this effort:
. These tests concentrates on five (5) new wir- These tests, however, did not take into consideration the carbon arc tracking phenomena. Arc tracking is not a true burning mechanism that can occur in vacuum. All previous arc-trading tests have been performed in a 1 gravily (9) environment. Without the heat convection process present at 1 g, hot gasses produced by an arc in ze ro-g stagnate within the vicinity raising the temperature of the insulation. This is potentially a significant problem.
Previous tests performed at 1 atmosphere may not be relevant to an environment with lower pressure and higher oxygen concentration such as the case in a habitat module. Other effluences of interest are waste gas trom the life support system and propellant trom the attitude control thrusters. Effects of these effluences on the arc tracking phenomena i n zero-g will be investigated. Therefore, the eHeds of a zero-g environment, temperature, atmospheric pressure, and atmospheric composition on the arc tradtig phenomena must be investigated. Results of the study phase will be used to design the experimental procedures and specifications for the fabricalionl procurement of required hardware (breadboard, test subjeds, support equipment and instrumentation). A dalabase will be compiled containing the resuHs of this battery of experiments.
ing and testing eledrical wiring insulation materials for space applications. Physical models will be developed for use by missions planners to select of competing wire insulation malerials based on mission requirements.
Mrina Svste ms Technolwv
This task identifies issues related to safety and reliability kr the complete wiring systems. Related technobgies wil be identified which have an impact on prevention, detedion, and isdation of wiring failures and system reconfiguration following a fdure. niques such as total quality management (TQM) which spans from As a result of this effort, techniques will be developed lor evalualIncluded in the topic of prevention techniques are evaluation tech- Sealed test chamber capable of vacuum to about 1.5 atms. Operation at quiescent or blowdown bow conditions.
Gas handling system for atmospheric mixing to 30% Oz.
Vacuum system lor low pressure atmosphere and purging. flow and bad pressure regulation. Color motionpidure and video photography. Standard thermocouple system and signal conditioners. Standard data acquisition system and software. Provision for smoke sampling and combustion-produd cdledion.
Specific objectives of wlre-flammabllity tests:
L

I
Arc tracking al low gravity. * Ignition 01 adjacent fuel materiak.
Ofl-gassing, smoke evolution, combustion products, etc I Specific varlables for wire-flammability tests:
Wire and bundle configurations. Insulation materials.
, Ambient-temperature and preheated samples.
, Atmospheric pressure and 02 content.
the manufaduring of the wiring to the installation and maintenance. Various approaches are being explored lor circuit protedion by industry. This task will identify those approaches which may be applicable to arc tracking detection and isolation. Candidate system reconfiguration techniques which may be applicable to the restora. tion of the system lollowing a failure detection and isolation will also be identified. Current p r a d i m in the manufacturing, handling, maintenance, and operational specilications lor eledtic wiring systems in the aeronautics and space community are being studied. Patlicular emphasis is being given to changes in recommendations resulting from recent wiring system failures in aircraft I spacecraft. These findings will be compared to the knowledge acquired during the testing phase to determine areas requiring improvement for safety and reliability.
Methodologies will be developed and recommended which enable the verification of device and systems performance upon design completion and quality conformance to the design upon manufacture. These techniques would indude in-situ techniques to verify wiring integrity. These methodologies will have to cover the entire power transmission system, i.e., wire bundles, interconnedions with components, circuit protection, and integration with the mission I vehicle structure, in order to account for synergistic effeds which may difler from those of separate individual wiring components.
A survey of emerging technologies and techniques will be conduded to assess potential applications of these technologies in the area of risk redudion and system maintainability. Those promising candidates technologies and techniques will be considered for future development, such as: fire detection and suppression systems, sen.
sors that could alert of impending failures in the system, and system reconfiguration schemes lollowing a failure. CONCLUSIONS NASA's future in manned and unmanned space activities will place increasing demands on eledrical wiring and thus, increase the likelihood of an arc-induced failure. Little is known at this point of the elfeds of the various space environments on arc tracking phenomena.
It is anticipated that a better understandin of arc propagation in commonly used wirii insulation materials w i resull from the Wring Program lor Space Applications at NASA in conjunction with the other eHorls currently underway at other U.S. government laborate ries, industry, and academia. 
